In order to investigate the dependence of future projections for summertime East Asian precipitation on their present-day model climatology, the models well reproducing the observed climatology over East Asia are focused on in the analysis of the fifth phase of the Coupled Model Intercomparison Project (CMIP5) future projections for the period from 2075 to 2099 under the Representative Concentration Pathway 8.5 global warming scenario. The future projection by these models indicates that summertime monthly climatological precipitation in future East Asia is more likely systematically decreased in some regions rather than evenly increased in every wet region.
Introduction
This study was initiated to address two questions that arose from a preceding study by Ose (2019) , who analyzed future changes in summertime East Asian monthly precipitation in the global warming experiments using the 60 km resolution Meteorological Research Institute-Atmospheric Global Circulation Model (MRI-AGCM) (Kitoh et al. 2016) . Ose (2019) found that the patterns of future changes in precipitation and vertical velocity in East Asia are determined by the adiabatically diagnosed vertical velocity anomaly in the 60 km resolution MRI-AGCM global warming experiments. One purpose of the present study is to see whether this is also the case in the fifth phase of the Coupled Model Intercomparison Project (CMIP5: Taylor et al. 2012) . Although 60 km resolution MRI-AGCMs display high skill with respect to present-day climatological simulations, MRI-AGCMs represent a small model diversity of three different cumulus schemes available when compared with the CMIP5 model ensemble. Various precipitation schemes are used and various interactions between climate-system elements, such as atmosphere-ocean interactions, are included in the CMIP5 models.
Another aim is to identify what controls future projections of atmospheric circulation anomalies and precipitation changes in summertime East Asian climate. The possibility of a decrease in monthly precipitation is simulated regionally around Japan in the MRI-AGCM future summertime experiments, whereas an increase in monthly precipitation is seen in the majority of the CMIP5 model ensemble over most regions of East Asia (shown later), which is probably the result of the "wet-getting-wetter" effect (Held and Soden 2006) . The differences between these future projections will be indicated by examining their dependence on present-day model climatology, which can be evaluated using the observations. The dynamical effects for precipitation changes are focused on in the present study. The thermodynamic component of the "wet-getting-wetter" effect is caused by an increase in moisture over wet regions, which is expected almost everywhere under global warming, so that the thermodynamic component is projected with a relatively small error in its geographical distribution. On the other hand, the dynamical effects on precipitation changes are represented by future changes in atmospheric circulations, such as atmospheric divergences or vertical motions. Future circulation changes are sometimes formed by atmospheric wave propagation from remote sources. Therefore, significant uncertainties can be entered into projections for the future distribution of the East Asian summer precipitation (Zhou et al. 2017; Ose 2019) . The dynamical components of moisture transportation are changed by various characteristic sources related to the global warming. A unique source in the global warming future is reductions in the tropical vertical motion due to the increased vertical dry stability. This source creates common robust characteristics among the global warming simulations, such as the weakening of the tropical circulation (Vecchi and Soden 2007) , including summer Asian monsoon circulation in the western North Pacific (Hirahara et al. 2012) .
In the remainder of this paper, the data used in this analysis is presented in Section 2 and the results are presented in Section 3. Sections 4 and 5 provide the discussion and summary, respectively.
Experimental data for analysis
The CMIP5 36-model ensemble of historical experiments and the global warming experiments run under the Representative Concentration Pathway (RCP) scenario 8.5 (IPCC 2013; Table 1 ) were analyzed in this study. The difference between the two sets of 25year simulations covering the present-day period from 1980 to 2004 and the future period from 2075 to 2099, was defined as a future change or a future anomaly for each model of the CMIP5 36-model ensemble.
The future change or future anomaly for each model was adjusted to the value at annual mean global warming of 4 K, using the future projection of the 25year annual global mean surface air temperature. The Global Precipitation Climatology Project (Adler et al. 2003) and the Japanese 55-year Reanalysis (JRA-55 reanalysis; Kobayashi et al. 2015) were used to compare precipitation and atmospheric elements between the simulated and observed present-day climatology. All data used in the study are regridded at 2.5 by 2.5 degrees in longitude and latitude. Figure 1 shows the future changes in the CMIP5 36-model ensemble mean precipitation, together with the percentage of models in the ensemble that project positive changes. An increase in precipitation is projected over most of East Asia, except for parts of central China in July and August. This increase is relatively significant in northeastern China and over the ocean to the southeast of the Japanese archipelago through the summertime.
Results

Future precipitation changes over East Asia
A 10-model ensemble was chosen from the 36model ensemble, and this comprised 10 models that simulate the present-day East Asian summertime monthly climatology relatively accurately when compared with the observations (Fig. 2) . Specifically, the accuracy of the simulations was estimated from the spatial correlation over East Asia with the observed present-day 25-year mean monthly climatology during the June-August (JJA) period. The COR for a simulated monthly mean field (f) and the corresponding observation (g) during JJA or for each month is defined as follows: 
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where i represents the i-th grid within the East Asian region (110 -150°E, 20 -50°N), m represents the months from June to August, and ϕ i is the latitude of the i-th grid. The average of the two CORs during JJA for precipitation and the 500 hPa zonal wind was used as a metric for summertime East Asian climatology (i.e., Metric-for-East-Asia) to evaluate the similarity of the spatial distribution between the observations and model simulations. The monthly climatology of westerlies is concerned as well as that of precipitation in the Metric-for-East-Asia because future precipitation is sensitive to the future shift of the East Asian jet (Horinouchi et al. 2019 ). The Metric-for-East-Asia ranges from 0.51 to 0.88 in the CMIP5 36-model ensemble. The 10-model ensemble consists of 10 models for which the Metric-for-East-Asia was greater than 0.75, and the three (21) models that had a Metric-for-East-Asia of more than 0.8 (0.7) are referred to as the 3-model ensemble (21-model ensemble). Comparing the 6 mm day −1 contour in Figs. 2a and 2b, the 10 and 12 m s −1 contours in Figs. 2c and 2d show that the 10-model ensemble mean climatology more closely resembles the observations than do the 36-model ensemble means in respect of the peak values for precipitation and the 500 hPa westerlies around Japan. Figure 3 is the same as Fig. 1 except for the 10model ensemble. When compared with the simulation generated by the 36-model ensemble, the regional contrasts in future precipitation patterns over East Asia are emphasized by the 10-model ensemble. The 10-model ensemble projection of precipitation for the JJA seasonal mean is more similar to the CMIP5 "good model" analysis for the RCP6.0 scenario by Seo et al. (2013) than that of the 36-model ensemble in Fig. 1a ; the increased precipitation in the Baiu region and to the north and northeast of the Korean Peninsula and the slight decrease or increase in the East China Sea. It is noted that the CMIP5 "good models" by Seo et al. (2013) are chosen on the basis of the present-day JJA mean precipitation climatology in East Asia. Future decreases in JJA precipitation seem to be simulated for the RCP4.5 scenario over East Asian continental land by many of the CMIP5 models chosen from a view of the Asian monsoon variability and teleconnections (Preethi et al. 2017) .
In June, the 10-model ensemble shows little change in precipitation from the north of the Japanese archipelago to the southern coast of China, whereas the increase in precipitation is widespread and large to the south of Japan. In August, the marginal signals of the future changes appear on the Pacific side of Japan, whereas the increase in precipitation is intensified on the Japan Sea side. For the 10-model ensemble in July, the possibility of a decrease in precipitation seems moderate in central China.
Future circulation anomalies over East Asia
Figures 4 and 5 depict monthly future changes in the pressure-coordinate vertical velocity at 700 hPa for the 36-model and 10-model ensemble means, respectively. The difference in future precipitation changes between the 10-model and 36-model ensembles can be attributed to the difference in future vertical motion changes, considering the closely correlated spatial distributions of the precipitation and the vertical velocity. In fact, the 36-model average of each model's COR for JJA between future changes in precipitation and pressure-coordinate vertical velocity at 700 (500) hPa is −0.738 (−0.790). For the 36-model ensemble means, the COR for JJA between those future changes at 700 hPa is −0.542, which is stronger than that of −0.146 at 500 hPa. This is why the 700 hPa fields are analyzed in Figs. 4 and 5 instead of 500 hPa, the reason for the low value of −0.146 at 500 hPa is not identified clearly though. In June and August, larger future changes in vertical velocity are confirmed in the 10-model ensemble mean (Fig. 5 ) by comparing with the 36-model ensemble mean (Fig. 4 ), but the spatial pattern is similar in both plots. The geographical locations of the intensified upward and downward vertical motion in Figs. 5b and 5d are consistent with the regions of strong and weak signals for a wet future in Figs. 3b and 3d .
The monthly future changes in adiabatically diagnosed vertical velocity (Sampe and Xie 2010; Ose 2019) at 700 hPa obtained from the 25-year mean monthly fields are also shown for the 36-model and 10-model ensembles together with the 700 hPa streamfunction anomalies in Figs. 4 and 5, respectively. The adiabatic diagnosis of vertical motion changes is based on the thermodynamic equation with the tendency term neglected and the present-day 25-year mean monthly vertical stability used even for the future (Eq. 3 in Ose 2019) Under these two assumptions, the diagnosed ascending and descending changes are directly related to the terms for warm and cold advection changes, respectively. The future change of the vertical stability is not essential for understanding the future changes in vertical velocity over the extratropical East Asia (Ose 2019) but important in the tropics (see Section 4). The discussion about the use of the 25-year mean monthly fields is also included in Section 4.
The COR for JJA between the future changes in the 36-model ensemble mean vertical velocity and its adiabatically diagnosed vertical velocity at 700 (500) hPa is 0.543 (0.595). The 36-model average of each model's corresponding COR for JJA is 0.424 (0.422). These relationships are qualitatively consistent with the results of the study on the Baiu rainband formation by Sampe and Xie (2010) and its application by Ose (2019) . However, the magnitude of the future change in adiabatically diagnosed vertical velocity is comparable to that of the simulated vertical velocity, which is in contrast to those two previous studies that found the former to be a half to one-third of the latter. This point is discussed in Section 4. The above qualitative relationship leads to a recognition that the future changes in downward (upward) motion are located in the northerly (southerly) wind zones of the future changes in the stream functions where downward (upward) motion is adiabatically diagnosed from the 25-year mean fields in Fig. 4 . This fact is clearly found in Fig. 5 . The vertical velocity anomalies for the 36-model ensemble mean in June and August are intensified at almost the same locations as for the 10-model ensemble mean. Correspondingly, the spatial pattern of the stream-function anomalies for the 10-model ensemble mean is roughly similar to that of the 36-model ensemble mean, but with a large magnitude.
This approximation was estimated quantitatively using a projection coefficient onto the 36-model mean stream function at 700 hPa over East Asia (110 -150°E, 20 -50°N) . A projection coefficient of a stream function (ψ) onto the 36-model mean (Ψ 36) (PCOEF) was defined for each model during JJA or each month as follows, employing the notation in Eq. (1):
The 36-model ensemble mean of the PCOEFs for JJA is 1.00 from the above definition. The PCOEFs in the 36-model ensemble diverge from 2.50 at the maximum to −0.57 at the minimum with seemingly no clear relationship with the Metric-for-East-Asia (not shown). However, a systematic increase of PCOEFs with the Metric-for-East-Asia is detected for the model ensemble means. The 10-model ensemble mean of the PCOEFs is 1.13, meaning that the pattern of the 36-model ensemble mean stream-function anomaly (Ψ 36) is included in the 10-model ensemble mean anomaly with the 1.13 times larger magnitude. The PCOEF is 1.70 for the 3-model mean and 1.06 for the 21-model mean, which are larger than 1.00 for the 36model ensemble mean.
The above statistics are explained in other words as follows: the 36-model ensemble projection has a large diversity of future anomalies in East Asia (ψ) around 
Dependence on the present-day model climatology
Assuming that a larger PCOEF indicates more intense future anomalies of the 36-model ensemble mean circulation, vertical motion, and precipitation over East Asia (Fig. 4) , the inter-model correlations between PCOEFs and other fields can give an insight into various cause-and-effect relationships concerning future precipitation changes in East Asia. For example, Fig. 6a shows the correlations of the PCOEFs for JJA with the present-day JJA mean precipitation and 200 hPa zonal wind in the 36-model ensemble. The correlation with the 200 hPa zonal wind over East Asia is significant, being significant at the 99 % level in the area north of the Japanese archipelago. As shown in Fig. 2 , the 36-model ensemble mean westerly is relatively weak over East Asia compared with the observations, whereas the 10-model ensemble mean westerly is comparable to the observations. This is consistent with the analysis that large vertical motion anomalies and a contrasting geographical distribution of future precipitation changes are projected in the 10model ensemble but not the 36-model ensemble.
The characteristics of the present-day western North Pacific climatology of the models with large PCOEFs for JJA are also found in Fig. 6a . Significant positive (negative) correlations of the PCOEFs for JJA appear in precipitation (200 hPa zonal wind) in the subtropical western North Pacific, suggesting that the stronger 200 hPa climatological westerlies over East Asia form together with the stronger subtropical 200 hPa easterlies as a response to greater precipitation in the climatology in the subtropical western North Pacific. These relationships may be similar to those in the 200 hPa zonal wind climatology on the northern and southern sides of the Tibetan High and precipitation in South Asia (Rodwell and Hoskins 1996) or the relationships between northern summer stationary waves over East Asia and climatological forcing due to heating in the western North Pacific in the study using a linear baroclinic model (Ting 1994) . It is noted for the later discussion that significant positive (negative) correlations of the PCOEFs for JJA are also found in the present-day precipitation in Southeast Asia (around the equatorial central Pacific; Fig. 6a ).
The correlations with the monthly PCOEFs corresponding to those with the PCOEFs for JJA in Fig. 6a have the similar features but are very weak in June and relatively strong in August (not shown).
Relationship with future Asia-Pacific monsoon
The relationship of the PCOEFs with future changes in East Asian circulations can help us interpret how future East Asian summers will be physically related to future changes in the Asia-Pacific monsoon. Figures  6b -d show the correlations of the monthly PCOEFs with the future anomalies of the 700 hPa stream-function and 500 hPa vertical velocity for June, July, and August, respectively. It is common among June, July, and August for a cyclonic circulation anomaly to be dominant to the south of the Japanese archipelago in the western North Pacific. According to the definition of the PCOEFs, these circulation anomalies may be similar to those in Figs. 4b -d . However, the details for East Asia in Figs. 4b -d are not reproduced in Figs. 6b -d , especially for July. The gross features of the future vertical velocity anomalies in Figs. 4b -d are confirmed in Figs. 6b -d , that is, upward motion anomalies in the southeastern or southern areas of the cyclonic circulation through JJA, but downward motion anomalies to its northern side in June and August, and, in particular, a clear downward motion anomaly over eastern Japan in August. For July, the upward motion anomaly over the East China Sea in Fig. 6c is inconsistent with that in Fig. 4c , indicating its low statistical reliability. The variability of precipitation and vertical motion in the tropics has been recognized as a source of summertime climate variability over East Asia in the observational analysis (Nitta 1987) . In an analysis of the CMIP3 multimodel projections, Kosaka and Nakamura (2011) concluded that a local reduction of the mean ascent around the Philippines is dynamically consistent with the cyclonic projection around Japan for future JJA. Figures 6b -d show that the monthly PCOEFs of the 700 hPa stream-function anomalies for East Asia are correlated with future anomalies in vertical velocity in the tropics. Both passive and active vertical velocity anomalies in relation to large-scale circulations might be included in the correlations with the 700 hPa stream-function anomalies in the western North Pacific. Considering the symmetry of the 700 hPa stream-function anomalies about the equator, both the downward and the upward motion anomalies to the west and east of the maritime continent are the possible forcing for the circulation anomalies in the western North Pacific in June and July. An asymmetry in August suggests that the downward motion anomalies off the equator over Southeast Asia can be a forcing for the circulation anomalies in August. The relationship in August between the projected circulation anomalies over East Asia (represented by PCOEFs) and the future reduction of vertical motion around the Philippines (Fig. 6d) is consistent with the study of Kosaka and Nakamura (2011) on the future changes over the summertime western North Pacific in the CMIP3 simulations. They showed that a future local reduction of the mean ascent over the tropics is dynamically consistent with the anticyclonic projection around the Philippines and the cyclonic projection around Japan in a similar way to the observed Pacific-Japan pattern. In the present case, the anticyclonic circulation anomaly around the Philippines is not clearly formed but represented as a local tendency of an anticyclonic vorticity anomaly in the correlation map (Fig. 6d ).
Discussion
Robust future tropical forcing
Robust future changes in tropical vertical motion under global warming include a weakening of tropical circulations due to the vertically stabilized atmosphere (Vecchi and Soden 2007) . This effect can be described as follows:
where ω p and dω f are the present-day pressure vertical velocity and its future change caused by the vertical atmospheric stabilization, respectively, and S p and S f are the vertical dry static stabilities of the atmosphere for the present-day and future climatology, respectively. Equation (3) indicates that the future reduction in vertical velocity is proportional to the present-day vertical velocity in magnitude. The future changes in vertical velocity are not determined by the diagnosed future reduction of the vertical velocity with Eq. (3) because other factors such as the future sea surface temperature (SST) distribution also influence future changes in the mean precipitation or mean vertical motion (e.g., Xie et al. 2010; Ose and Arakawa 2011) . A relatively warm SST tendency is found in the tropical western Pacific between the equator and 10°N in July and the south of the Philippines in August with statistically significant correlations with the monthly PCOEFs of the 700 hPa stream-function anomalies for East Asia (not shown). These SST changes seem to be different from the typical future SST change patterns around the equatorial Pacific (Mizuta et al. 2014; Endo et al. 2012) . Although the above warm SST tendency is consistent with the upward motion tendency over the tropical western Pacific in July (Fig. 6c ), it is difficult to explain the other vertical motion changes in Fig. 6 , especially in August. Figure 7 shows the correlations of the monthly PCOEFs with the future reduction of vertical velocity (dω f ) at 500 hPa diagnosed using Eq. (3) and the vertical static stabilities (S p and S f ) between 200 and 850 hPa, in addition to the correlations with future changes in the actually simulated vertical velocities at 500 hPa in Figs. 6b -d. The vertical velocity anomalies over the regions where these two correlations overlap can be considered as the possible source of the tropical forcing that creates the atmospheric circulation anomalies in the western North Pacific shown in Figs. 6b -d as well as those over East Asia (Figs. 4, 5) .
Specifically, the possible driver of the tropical forcing of the JJA in Fig. 7a The robust tropical future forcing described in Figs. 7b -d is consistent with that discussed in the previous subsection, based on the equatorial symmetry and asymmetry of the future circulation anomalies in Figs. 6b -d.
Model dependence of the adiabatic dynamical
effect In Figs. 4 and 5, the adiabatic vertical velocity anomalies (on pressure coordinates) accompanying the horizontal circulations are diagnosed from the present-day and future 25-year mean climatology. However, the magnitudes of the future changes in the adiabatically diagnosed vertical velocity are comparable with those of the actually simulated vertical velocity or even greater. This contrasts with the reasonable results obtained in previous studies (Sampe and Xie 2010; Ose 2019) in which the former is onehalf to one-third of the latter. This cannot be attributed to the careless use of the 25-year mean climatology in the diagnostics. In fact, it is confirmed for each of the 24 models with daily data available in this study (the models marked with * in Table 1 ) that even when the daily data are used instead of the 25-year monthly mean data in the diagnostics at 500 hPa, the magnitudes of the future changes in adiabatically diagnosed vertical velocity are not significantly changed (not shown).
Each model in the 36-model ensemble has a high correlation between precipitation and the 700 hPa vertical velocity anomalies: the model ensemble average from June to August is −0.738, with a small range among the models from −0.526 to −0.861. On the other hand, the correlations between the 700 hPa vertical velocity anomalies and the adiabatically diagnosed anomalies are relatively low: 0.424 on average with a large range among the models from 0.089 to 0.653. This result suggests that the precipitation processes in some models are insensitive to the change in dynamically forced vertical motions. Alternatively, SST fluctuations may disturb precipitation occurrence against large-scale dynamical forcing. Contours are for ±0.28, ±0.33, ±0.39, and ±0.43, which correspond to the critical values for a two-tailed t-test.
Summary
Future changes in monthly mean precipitation in June to August over East Asia were investigated using the CMIP5 36-model ensemble 25-year simulations that covered the present-day period of 1980 -2004 in the historical experiments and the future period of 2075 -2099 in the RCP8.5 scenario global warming experiments. The study focused on the relationship between precipitation and horizontal circulation changes in East Asia, the dependence on the present-day model climatology, and the causal relationship with future circulation anomalies in the tropics during the northern summertime.
The CMIP5 36-model ensemble 25-year mean circulation anomaly at 700 hPa through the future summertime in East Asia is characterized by a cyclonic circulation anomaly south of the Japanese archipelago and associated downward motion anomalies around Japan. The East Asian distribution of the vertical velocity monthly mean anomaly at 700 hPa has a correlation coefficient of 0.54 for JJA average with the adiabatically diagnosed vertical velocity anomaly obtained from the 25-year ensemble mean dynamics, which is qualitatively consistent with the downward motion anomalies around Japan appearing in a northerly wind zone of the 25-year mean 700 hPa stream-function anomaly. On the other hand, it is supposed from the quantitative inconsistency that the future changes in precipitation are disturbed by other factors, such as precipitation process modeling and SST fluctuations.
The relationship between the future circulation change over East Asia and the present-day model climatology was examined by defining a projection coefficient onto the 36-model ensemble mean circulation anomaly over East Asia (PCOEF). The models with larger PCOEFs tend to simulate stronger 200 hPa westerlies over the present-day East Asia and more precipitation in the present-day western North Pacific. These two tendencies of the present-day climatology are probably linked as the climatological formation of the summer western North Pacific circulation responding to the tropical precipitation.
The CMIP5 10-model ensemble consists of 10 models that have relatively high spatial correlations (CORs for JJA) with the observed present-day climatology of East Asia. The present-day 500 hPa westerlies over East Asia in the CMIP5 10-model ensemble mean are comparable with the observations and stronger than those of the 36-model ensemble mean. The features of the CMIP5 36-model ensemble mean circulation anomalies are intensified in magnitude in the CMIP5 10-model ensemble mean, leading to geographically contrasting precipitation anomalies and the enhanced possibility of a regional decrease in summertime monthly precipitation in East Asia.
The statistical relationship between the future circulation changes in East Asia and the tropics gives an insight into the causality of the future changes. The downward motion future anomaly over Southeast Asia and the upward motion future anomaly over the western or central Pacific around the equator tend to be stronger in the models simulating the features of the CMIP5 36-model ensemble mean circulation anomaly at 700 hPa in East Asia more strongly. These future anomalies of vertical motion are explained as parts of vertical velocity reductions due to the vertically stabilized atmosphere in the tropics under global warming by diagnosing the reduction of vertical velocity as being proportional to the present-day vertical velocity in magnitude, but in the reverse direction. Both of those tropical vertical motion reductions are likely to force a cyclonic circulation anomaly over the western North Pacific with its center south of the Japanese archipelago.
In conclusion, a possible physical interpretation is provided for why the model ensemble reproducing the observed East Asian model climatology projects a regionally contrasting monthly precipitation rather than evenly distributed wet climatology in future East Asia. The present-day model climatology in East Asia is linked to that in the tropics, in turn, which is likely to determine the future climatology in East Asia.
There is no doubt that regional model climatology in East Asia is dependent on climate elements in regions other than the tropics, such as the Eurasian Continent, the polar regions, and the upper atmosphere. In addition, a fundamental question remains: To what extent should low-resolution climate models or atmosphere-only models be able to accurately reproduce the real atmosphere? Therefore, it might be important to investigate various possibilities in the future until reliable observed evidence appears in the regional climatology.
